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Abstract

Posttranslational modification of peptide antigens has been shown to alter the ability of T cells
to recognize major histocompatibility complex (MHC) class I-restricted peptides. However,
the existence and origin of naturally processed phosphorylated peptides presented by MHC
class I molecules have not been explored. By using mass spectrometry, significant numbers of
naturally processed phosphorylated peptides were detected in association with several human
MHC class I molecules. In addition, CD8* T cells could be generated that specifically recog-
nized a phosphorylated epitope. Thus, phosphorylated peptides are part of the repertoire of an-

tigens available for recognition by T cells in vivo.
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Introduction

MHC class I molecules are expressed on the surface of al-
most all nucleated cells and are responsible for the presenta-
tion of antigenic peptides to CD8" CTLs. The presented
epitopes are typically generated from proteins which are
synthesized in the cytosol, degraded by proteases, and
transported into the lumen of the endoplasmic reticulum
via the transporter associated with antigen processing
(TAP).! Then, the peptides are loaded onto newly synthe-
sized MHC class I molecules and trafficked to the cell sur-
face (1, 2). By using mass spectrometry (MS), it has been
demonstrated that as many as 10,000 different peptide spe-
cies are presented by individual class I MHC alleles. These
range in abundance from 1 to >4,000 copies per cell (3).
The peptide sequences in these complex mixtures can also
be determined by MS (4-6). Most importantly, this tech-
nique facilitates direct identification of peptide antigens that
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are associated with class I or class I MHC molecules on the
cell surface (4, 5, 7-9).

By using MS, several MHC class I—-associated peptides
have been found to contain posttranslational modifications.
These modifications include deamidation of asparagine (10,
11), cysteinylation of cysteine (12—14), and glycosylation
(15). Posttranslational modification alters the ability of
T lymphocytes to recognize MHC class I- or class 11—
restricted epitopes (10, 12—17). Recently, Hogan et al. (18)
identified the only published example of a naturally pro-
cessed and presented phosphorylated peptide associated
with any MHC molecule. However, the ability of this
phosphorylated peptide to be recognized by T lymphocytes
was not investigated. More recently, Andersen et al. (19)
demonstrated that synthetic phosphorylated MHC class I
peptide epitopes can be transported by TAP, can bind to
MHC class I molecules, and can be recognized by specific
CTLs. Since the complexity and origin of phosphorylated
peptides presented by MHC molecules are unknown, we
have used MS to explore this issue. We have also evaluated
the ability of these naturally processed phosphorylated pep-
tides to stimulate specific immune responses.

Materials and Methods

Cell Lines and Transfectants. All cell lines were grown in
growth medium consisting of RPMI 1640 supplemented with 5%
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FCS with SerXtend (Irvine Scientific). JY (HLA-A*0201,
-A*0201, -B7, -B7, -DR4, -DR6), ABB (HLA-A2, -A3, -B7,
-B35, -DR*01, -DR103), and Ruppen (HLA-A1, -A2, -BS,
—B27) are all EBV-transformed B lymphoblastoid cell lines (B-
LCLs). VBT2 (HLA-A34, -A*6802, -B35, -Cw4) is a squamous
lung carcinoma that has been described previously (18, 20). T2-
B7 is an HLA-A*0201" human B-LCL with a deletion in the
MHC including the genes for TAP1, TAP2, LMP2, and LMP7
(21, 22) which has been transfected with HLA-B*0702. T2-B7
was grown under selection in growth medium supplemented with
300 pg/ml hygromycin B. A transfectant of the B-LCL C1R ex-
pressing chimeric MHC class I molecule consisting of a1 and a2
domains of HLA-A*0201 and a3 domain of H-2P (AAD) has
been described previously (23, 24), and was maintained under se-
lection in growth medium supplemented with 300 pg/ml G418.

Lsolation of HLA-associated Peptides. MHC class I molecules
were immunoaffinity purified from B-LCLs, and their associated
peptides were extracted as described previously (5, 22) with slight
modifications. Between 5 X 108 and 2 X 107 cells were lysed in
20 mM Tris-HCI, pH 8.0, 150 mM NaCl with 1% 3-[(3-chola-
midopropyl) dimethylammonio]-1-propane sulfonate (CHAPS),
1 mM PMSF, 5 pg/ml aprotinin, 10 pg/ml leupeptin, 10 pwg/ml
pepstatin A, and 1:100 dilutions of phosphatase inhibitor cocktails
I and II (Sigma-Aldrich), in order to prevent potential dephos-
phorylation of peptides during extraction. After sample centrifu-
gation, supernatants were incubated with Abs specific for MHC
class T molecules (Ab GAP-A3 specific for HLA-A3; BB7.2 spe-
cific for HLA-A2.1 [25]; ME1-1.2 specific for HLA-B7 and
-B27; W6/32 specific for HLA-A, -B, and -C [26]; or B1.23.2
specific for HLA-B and -C [27]) that had been bound to recom-
binant protein A—Sepharose fast-flow (Amersham Pharmacia Bio-
tech). Purification of multiple MHC class I alleles from a single
cell line was accomplished by sequential immunoaffinity purifica-
tion. Peptides were eluted from the MHC class I molecules with
10% acetic acid and separated into Teflon eppendorf tubes
(Savillex) using a 5,000-dalton cutofft ULTRAFREE-MC filter
(Millipore). Extracts were stored at —80°C.

Immobilized Metal Affinity Chromatography Enrichment of Phos-
phorylated Peptides. Immobilized metal affinity chromatography
(IMAC) columns were constructed by packing 360 wm outer
diameter (OD) X 100 pm inner diameter (ID) fused silica
(Polymicro Technologies) with 8 cm POROS 20 MC (PerSep-
tive Biosystems). Columns were activated with 200 wl of 100
mM FeCl; (Sigma-Aldrich). Between 1.5 X 10% and 1.4 X 10°
cell equivalents (c.eq.) of HLA-extracted peptide in 10% acetic
acid (Sigma-Aldrich) were loaded onto the column in each ex-
periment. To remove nonspecific binding peptides, the column
was washed with a solution of 100 mM NaCl (Sigma-Aldrich) in
acetonitrile (Mallinkrodt), water, and glacial acetic acid (25:74:1
[vol/vol/vol]; Sigma-Aldrich). This column was then connected
to a second fused silica column packed with 6 cm of 5-20 pm
C18 (YMC) via 1 cm of 0.012-in ID X 0.060-in OD Teflon
tubing (Zeus). Phosphorylated peptides were eluted to the pre-
column with 5 pl of 50 mM Na,HPO, (pH 9.0; Sigma-Aldrich)
and rinsed with several column volumes of 0.1% acetic acid to re-
move salts before MS analysis.

Liquid Chromatography/MS/MS Parameters on the LCQ Ion Trap
Mass Spectrometer. IMAC-enriched phosphorylated peptides
were analyzed by a procedure described previously (28) using
nanoflow-HPLC/microelectrospray ionization (WESI)/MS/MS
on an LCQ ion trap mass spectrometer (Finnigan). In brief, pre-
columns were connected via 0.012-in ID X 0.060-in OD Teflon
tubing to an analytical column with a laser-pulled ESI emitter tip
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(2—4 pm in diameter). Peptides were eluted into the mass spec-
trometer with an HPLC (model 140B; Applied Biosystems) gra-
dient (consisting of 5-60% B in 40 min; A = aqueous 0.1 M ace-
tic acid, B = 70% acetonitrile with 0.1 M acetic acid). The mass
spectrometer was operated in data-dependent mode and cycled
through a single MS and five MS/MS experiments every 12—15s.
MS/MS experiments (collision energy 40%) were performed on
the five most abundant ions (3-dalton window; precursor m/z *
1.5 daltons) in each full-scan mass spectrum.

Identification and Sequencing of Phosphopeptide MS/MS Spectra.
Spectra of candidate phosphopeptides were selected from the
800-1,000 MS/MS spectra acquired during a typical HPLC-MS/
MS experiment with an in-house computer algorithm termed the
Neutral Loss Tool. This program screens MS/MS spectra for sig-
nals at m/z values corresponding to the loss of phosphoric acid 49
or 98 daltons from doubly or singly charged precursor ions, re-
spectively. This process is commonly observed in ion trap MS/
MS spectra of phosphorylated peptides (29). Candidate peptides
were sequenced de novo and with the aid of the database search-
ing program MS-Tag (available at http://prospector.ucst.edu/
ucsthtml3.4/mstagfd.htm).

Negative Ion Precursor Parameters on the TSQ-7000 Triple Qua-
drupole Mass Spectrometer. Phosphorylated peptides were also an-
alyzed on a Finnigan TSQ-7000 triple quadrupole mass spec-
trometer operating in the negative ion mode (spray voltage, —1.6
kV). The nanoflow HPLC-pESI setup, column assembly, and
HPLC gradient conditions were the same as above. The mass
spectrometer was set to perform precursor scans with Q1 scan-
ning m/z 400 — m/z 800 and Q3 set to transmit ions of m/z 79.
Q1 and Q3 were operated with resolutions of 2 and 1 daltons,
respectively. Q2 was operated with a collision cell offset of 40 V
and an argon pressure of 3 mTorr.

Peptide Synthesis.  Peptides were synthesized as described (12).
9-fluorenylmethoxycarbonyl  (Fmoc)-protected amino acids,
phosphorylated amino acids, and resins were purchased from
Novabiochem. Peptides were purified by reversed-phase HPLC
and sequences were confirmed by MS/MS experiments.

Generation of Phosphopeptide-specific CTLs. C57Bl/6 mice
transgenic for the AAD gene have been described previously (30).
Dendritic cells (DCs) were generated as described previously (31)
with some modifications. On day 7, DCs were isolated using a
StemSep column after incubation of GM-CSF/IL-4—cultured
bone marrow—derived cells with a mixture of Abs for the enrich-
ment of DCs (StemCell Technologies Inc.). Enriched DCs were
then incubated with CD40L-transfected NIH-3T3 cells (a gift of
Dr. Rejean Lapointe, National Cancer Institute, Bethesda, MD)
for 14-16 h. CD40-activated “mature” DCs were pulsed with 1
M phosphorylated peptide for 4 h at 37°C in HBSS containing
5% FCS, washed twice, and resuspended in saline at 10° cells/ml.
Mice were injected in the tail vein with 10> DCs in 100 pl.

Spleens from primed mice were harvested 3 wk after immuni-
zation. Separate bulk T cell cultures were established in vitro
with irradiated splenocytes that had been pulsed with 10, 1, or
0.1 wM phosphorylated peptide as described previously (31).
Cultures were restimulated with irradiated, peptide-pulsed autol-
ogous splenocytes every 7-10 d. All CTL lines were grown in
CTL medium (consisting of RPMI 1640 supplemented with 10%
FCS, 2 mM L-glutamine, essential and nonessential amino acids,
50 wM B-mercaptoethanol, 15 mM Hepes, and gentamicin) and
10 U/ml of IL-2 in a humidified 8% CO, atmosphere at 37°C.

Analysis of In Vitro Cytotoxicity and Intracellular Cytokine Produc-
tion. Standard °!'Cr-release assays were performed to determine
CTL recognition of phosphorylated or nonphosphorylated pep-
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tides. Target cells were labeled overnight with 3!Cr, pulsed with
phosphorylated or nonphosphorylated peptides for 45 min,
washed, and incubated with effector cells (at E/T ratios indicated
in Fig. 2) for 4 h at 37°C. The evaluation of intracellular cytokine
production was completed as described previously (31, 32).
HLA-A*0201 Peptide-binding Assay. The relative affinities of
phosphorylated peptides to bind to HLA-A*0201 were measured
as described previously (33), and the dose of individual peptides
that reduced the binding of the indicator peptide by 50% (ICs)

was determined.

Results

We have evaluated the repertoire of naturally processed
and presented phosphorylated peptides presented by MHC
class I molecules isolated from several different EBV-trans-
formed B-LCLs. Detection of phosphorylated species in
the pool of >10,000 class I MHC—binding peptides was fa-
cilitated by selective enrichment using IMAC (34, 35). The
presence of phosphorylated peptides in the resulting en-
riched sample was confirmed by screening MS/MS spectra
of individual peptide ions for an abundant loss of phospho-
ric acid from the precursor mass. This neutral loss is a com-
mon feature in ion trap MS/MS spectra of phosphoserine
(pSer) and phosphothreonine (pThr) containing peptides,
but not those containing phosphotyrosine (pTyr). When
1.5 X 108 c.eq. of peptides extracted from HLA-B7 were
analyzed by this method, 60 phosphorylated peptides were
detected (Table I). Thus, phosphorylated peptides are a sig-
nificant part of the repertoire of antigens presented by this
MHC class I molecule for recognition by CD8* T lym-
phocytes.

To confirm the generality of this observation, we ana-
lyzed peptides eluted from several additional human MHC
class I alleles including: HLA-A1, -A*0201, -A3, -A*6802,
-B8, -B27, and HLA-B35. Naturally processed phosphory-
lated peptides were found to be associated with all of these
MHC class I molecules (Table I). Interestingly, many of the
HLA-B alleles examined present a larger number of phos-
phorylated peptides (43—60 peptides) than do any of the
HLA-A alleles analyzed (9-15 peptides [Table I]). This dis-
parity could be due to significant differences in overall ion-
ization efficiency, reflecting the fact that the binding motif
for many of the HLA-B alleles includes positively charged
residues, whereas those for the HLA-A alleles do not. To
eliminate this possibility, we also determined the number
of phosphorylated peptides in HLA-A2 and HLA-B7 ex-
tracts by negative ion MS using precursor scans (36, 37). In
this approach, MS/MS spectra of negatively charged phos-
phopeptide ions were screened for the presence of a diag-
nostic fragment mass corresponding to PO;™ (m/z 79 [36,
37]). When the HLA-B7 extract was analyzed by this tech-
nique, 122 phosphopeptides were detected (Table I). Only
21 phosphopeptides were detected in the HLA-A*0201 ex-
tract (Table I). Thus, the relative number of phosphopep-
tides observed in these two extracts is not a function of the
ionization method used to detect them. We suggest that
the differences in numbers of phosphopeptides presented
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Table I.  Enumeration of Phosphorylated Peptides Associated with
MHC Class I Molecules

Number of phosphorylated
peptide candidates

MHC Positive ion Negative ion

Cell line class T allele analysis* analysis*
3 X 108 c.eq. 5 X 10% c.eq.

Ruppen HLA-A1 15 -
JY HLA-A*0201 118 21
T2-B7 HLA-A*0201 o -
ABB HLA-A3 12 -
VBT2 HLA-A*6802 9 N
JY HLA-B7 608 122
T2-B7 HLA-B7 ol -
Ruppen HLA-BS8 43 -
Ruppen HLA-B27 45 -
ABB HLA-B35 26 -

*Enumeration of phosphorylated peptides was completed using the
Neutral Loss Tool as described in Materials and Methods.

#The number of phosphorylated peptides was determined by enumer-
ating ion species that lost m/z of 79 in negative ion mode as described
in Materials and Methods.

SFor the HLA-A2.1 and HLA-B7 extracts, 1.5 X 10° c.eq. was utilized
in order to account for the homozygosity of the alleles in the JY cell line.
IDue to the level of HLA-A2 and HLA-B7 found on the cell surface of
T2-B7, 4.5 X 10® c.eq. was loaded for HLA-A2 and 1.3 X 10% c.eq.
for HLA-B7.

by HLA-A and -B alleles are likely to reflect common
structural features of MHC binding and phosphokinase
recognition motifs.

To investigate the pathway by which phosphorylated
MHC class I-associated peptides are presented, we ana-
lyzed peptides eluted from HLA-A2 and HLA-B7 mole-
cules expressed in a cell line that is deficient for TAP ex-
pression (T2-B7). We did not detect any phosphorylated
peptides associated with either HLA-A2 or HLA-B7 in the
TAP-deficient cell line (Table I). However, nonphosphor-
ylated peptides were present in these extracts (data not
shown). These have been shown previously to originate
from proteolysis of peptides within the lumen of the endo-
plasmic reticulum (22, 38). The absence of phosphorylated
peptides from these extracts demonstrates that their presen-
tation is strictly TAP dependent. This in turn suggests that
the major source of these peptides is proteins that are pro-
cessed in the cytosol.

15 phosphorylated peptides in the IMAC-enriched
MHC class I extracts were sequenced on the ion trap mass
spectrometer. An example is shown in Fig. 1. These se-
quences were confirmed by comparing the observed spec-
tra with those of the corresponding synthetic peptides. 13
of these phosphorylated peptides contained pSer, whereas
only two contained pThr and none contained pTyr (Table
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Figure 1. MS/MS spectrum of the HLA-A*0201-associated peptide

RLDpSYVRSL. Predicted masses for the ions of type b and y are shown
above and below the sequence, respectively. Those observed are under-
lined. A, loss of phosphoric acid from the corresponding ion of type b or y.

IT). This finding is in accord with the relative levels of these
phospho-amino acids in the cell (39). 13 of these peptides
contained only a single phosphorylated residue, even
though many contained additional Ser, Thr, or Tyr resi-

Table II.  Sequences of Identified Phosphorylated Peptides

dues. One peptide identified in the HLA-B27 extract
(RRFpSRpSPIRR) contained two pSer residues (Table
II). Interestingly, this extract also contained a truncated
version of this peptide (RRFpSRpSPIR), as well as a singly
phosphorylated variant (RRFpSRSPIRR [Table IIJ).
Finally, an Arg or Lys residue is found 3—4 amino acids
NH,-terminal to the phosphorylated residue in 13 of these
peptides, and a Pro residue is found 2—3 amino acids NH,-
terminal of the phosphorylated residue in 5 of these pep-
tides. These findings suggest that phosphorylation of these
peptides is sequence specific and are consistent with the
motif requirements for Ser-Thr kinase recognition.

All sequences in Table II (with the exception of the
RRFpSRpSPIRR epitope) matched to unique source pro-
teins in the nonredundant and OWL (available at http://
prospector.ucsf.edu/ucsthtml3.4/mstagfd.htm) protein da-
tabases. Three of the source proteins are known protein ki-
nases, two (insulin receptor substrate 2 and myristoylated
Ala-rich protein kinase C substrate [MARCKS]) are
known kinase substrates, and two others are known phos-
phoproteins (MADS box transcription enhancer factor and
MHC-binding protein 2). However, only the HLA-B27-
restricted peptide derived from the MAR CKS protein con-
tains a previously identified phosphorylation site (40). Two
of the source proteins (MUM?2 and MHC class III protein
¢18.1b) have not been previously shown to be phosphory-
lated, and their functions are unknown. These sequences
illustrate the diversity of phosphorylated cellular proteins
that are processed and presented by MHC class I molecules,
and illustrate the power of MS to identify new members of
phosphorylation cascades.

We used an HLA-A*0201-restricted phosphorylated
peptide derived from the MUM?2 protein with the se-

Allele

Peptide sequence

Parent protein due to database sequence match

HLA-A*0201
HLA-A*6802
HLA-B7

RLDpSYVRSL
RVApSPTSGV
KPR pSPVVEL
GPRSASLLpSL
RPApSAGAML
RPVpSPGKDI
RPSpTPKSDSEL
RPAKpSMDSL
MPHEKHYpTL
KR FpSFKKSF
SRWpSGSHQF
RRIpSGVDRY
RREFpSRpSPIRR
RRFpSR pSPIR
RRFpSRSPIRR

HLA-BS8
HLA-B27

MUM2

Insulin receptor substrate 2

B-Adrenergic receptor kinase 1

MHC class III protein g18.1b

MADS box transcription enhancer factor 2
MHC binding protein 2

Hypothetical protein kiaa0188
Hypothetical protein kiaa1204
Hypothetical serine/threonine kinase
MARCKS

RAF homologue

NADH-ubiquinone oxidoreductase subunit MWFE
Son3, DNA-binding protein 5, and BASS1
(Truncated version of above epitope)

(Singly phosphorylated version)

BASS1, Bass antagonists selected in saccharomyces 1.
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quence RLDpSYVRSL as a model to assess whether this
posttranslational modification could be recognized by the
immune system. AAD transgenic mice were primed intra-
venously with phosphopeptide-pulsed DCs, and the splenic
T cell effector function was assessed after restimulation
with the same peptide in vitro. Phosphopeptide-specific
cell division and growth in a population of CD8* T cells in
these cultures were detected (data not shown). However,
in three independent experiments, we could not detect
specific cytolytic activity or IFN-y production in response
to either the phosphorylated or unphosphorylated forms
of this peptide (Fig. 2 A, and data not shown). Therefore,
we also evaluated responses induced by a homolo-
gous MUM2-derived peptide with the sequence
GLDpSYVRSL. This peptide contains an R to G muta-
tion, at position 1, previously identified by Chiari et al. (41)
as a tumor antigen. CD8* T cells from mice primed and
cultured in vitro with GLDpSYVRSL produced IFN-y af-
ter a 5-h incubation with phosphopeptide-pulsed cells (Fig.

>

Stimulus for IFN-y accumulation:
MCIRAAD + GLDpSYVRSL
QCIRAAD + RLDpSYVRSL
OCIRAAD + RVApSPTSGV

# IFN-y" cells/10° CD8" T cells
Hn
o
{=]
(=)
o

GLDpSYVRSL 10

GLDpSYVRSL 1 RLDpSYVRSL 1

Peptide used for long term culture (ug/ml)

—e—~GLDPSYVASL
60 —6—GLDSYVRSL
2
2 - RLDPSYVASL
?’i 40 —e—GLDpTYVRSL
® 201 —h— GLDpYYVRSL
04

10 1 0.1 0.01 0.001
Peptide concentration (ug/mil)

0.000t  0.00001

Figure 2. Discrimination of phosphorylated peptides by CD8* T lym-
phocytes. (A) IFN-y production by phosphopeptide-specific CD8* T
cells. CD8* T cells (generated by long-term culture with the indicated
peptides as described in Materials and Methods) were stimulated for 5 h
with CIR-AAD that had been pulsed with 25 M of one of the indicated
phosphorylated peptides and then assayed for the intracellular accumula-
tion of IFN-y. Nonspecific IFN-y accumulation was determined by the
stimulation of CD8% T cells with unpulsed CIR-AAD and was <100/
105 CD8* T cells. (B) Specificity of GLDpSYVRSL-specific CTLs.
CD8* T cells elicited by stimulation with 1 pM GLDpSYVRSL were
analyzed for cytolytic activity using >'Cr-labeled CIR-AAD targets (E/T
ratio of 3:1) that had been pulsed with the indicated concentrations of
phosphorylated GLDpSYVRSL, RLDpSYVRSL, GLDpYYVRSL, and
GLDpTYVRSL, or nonphosphorylated GLDSYVRSL. Specific lysis of
unpulsed CIR-AAD targets was <2%.
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2 A). They also killed targets pulsed with this same peptide
(Fig. 2 B). These CD8* CTLs were specific for the phos-
phopeptide and did not recognize targets pulsed with the
nonphosphorylated GLDSYVRSL (Fig. 2 B). These find-
ings established that phosphorylated peptides can stimulate
specific CTL responses after in vivo immunization and in
vitro culture.

To further evaluate the specificity of these CTLs, we
tested their ability to recognize target cells pulsed with
other phosphorylated peptides. Importantly, the CTLs elic-
ited with the GLDpSYVRSL peptide from the mutated
form of MUM2 cross-recognized the phosphorylated pep-
tide, RLDpSYVRSL, derived from wild-type MUM2
(Fig. 2, A and B). As expected, they failed to recognize the
unphosphorylated form of this peptide (data not shown).
In addition, as shown in Fig. 2, the CTLs elicited
with GLDpSYVRSL did not recognize targets pulsed with
a distinct HLA-A2.1-binding phosphopeptide (RVA
pSPTSGYV). Because this peptide also contains pSer at posi-
tion 4, this result indicates that the CTLs not only recog-
nized the pSer, but also the specific peptide context of this
residue. Finally, we evaluated the effect of substituting
pThr or pTyr for pSer in the GLDpSYVRSL sequence.
We found that the CTLs recognized the pThr and pSer
containing peptides similarly, whereas they failed to recog-
nize the pTyr peptide at any concentration tested (Fig. 2
B). Though the pTyr substitution diminished binding to
HLA-A*0201 by approximately fourfold relative to the
other two (Table III), this does not account for the differ-
ence in CTL recognition. Thus, CTLs elicited with a
phosphopeptide strongly discriminate between phosphory-
lated and nonphosphorylated peptides. However, these
CTLs are not simply phosphate specific; they also discrimi-
nate the context of the phosphate within a specific peptide
sequence.

Discussion

The phosphorylation of cellular proteins in transformed
cells is increased compared with normal cells (42, 43) and
offers an attractive target for immunotherapeutic interven-
tion. Consequently, we have investigated whether phos-
phorylated peptides are presented on the cell surface by
MHC molecules for recognition by T lymphocytes. Natu-
rally processed phosphorylated peptides were presented by

Table III.  Relative Binding Affinities of MUMZ2-derived Peptides
for HLA-A*0201

Sequence ICs,

nM
RLDpSYVRSL 78
GLDpSYVRSL 58
GLDpYYVRSL 211
GLDpTYVRSL 67




all MHC class I alleles evaluated in this study, including
HLA-A1, -A*0201, -A3, -A*6802, -B7, -B8, -B27, and
HLA-B35. The presence of phosphorylated peptides in ex-
tracts from these molecules was established by their binding
to a phosphate-specific metal ion affinity column and the
loss of either H;PO, or PO;~ during MS/MS (29, 36, 37).
De novo sequencing confirmed that these species were
phosphorylated peptides.

A comparison of the number of phosphorylated species
demonstrated that the HLA-B alleles evaluated presented a
greater number of phosphorylated peptides than did the
HLA-A alleles. We hypothesize that this is due to the en-
hanced presentation of phosphorylated peptides by class I
MHC molecules whose binding motifs consist of amino
acids that are also components of kinase motifs. In particu-
lar, the consensus binding motifs for HLA-B7, -B8, and
—B27 contained Arg or Lys at positions 1, 2, or 3, while
motifs for HLA-B7 and HLA-B35 contain Pro at position
2 (3, 44, 45). Several kinases phosphorylate Ser or Thr resi-
dues that are three to four amino acids COOH terminal of
an Arg or Lys, or two to three amino acids COOH termi-
nal of a Pro (46). Thus, it would be expected that these
HLA-B alleles could present peptides that are phosphory-
lated at positions 4—7. Of the 12 complete and 4 partial
peptide sequences obtained from HLA-B7 and —B27 alleles,
14 are phosphorylated at position 4 and have an Arg or Lys
at position 1 or 2. Similarly, of the six peptides associated
with HLA-B7, all but one are phosphorylated two to three
amino acids COOH terminal from the Pro at position 2. It
is interesting that HLA-B7, which contains both an Arg
and Pro within its binding motif, displays a larger number
of phosphorylated peptides than the other HLA-B alleles
analyzed. In contrast, the HLA-A alleles we have analyzed
do not require an Arg, Lys, or Pro within their consensus
binding motif. This does not preclude presentation of
phosphorylated peptides containing kinase motifs: the two
phosphopeptide sequences determined for HLA-A*0201
and -A*6802 also contain an Arg at position 1 and a pSer at
position 4. However, the presentation of peptides contain-
ing consensus kinase motifs will not be selected for, as it is
the case for many HLA-B alleles.

In this study, we also evaluated whether MHC class 1I
molecules presented phosphorylated peptides, and failed to
detect any phosphorylated peptides in extracts from two
different B-LCLs that expressed four different HLA-DR
alleles (data not shown). It remains to be determined
whether this deficiency extends to HLA-DQ and -DP.
However, this result suggests that phosphorylated protein
segments are not generated or do not persist in the en-
docytic environment from which the processed peptides
displayed by class I MHC molecules originate. In contrast,
the pSer and pThr containing phosphopeptides displayed
by class I MHC molecules appear to be processed via the
classical class I antigen-presentation pathway involving the
TAP protein. The involvement of TAP demonstrates that
the main source of these peptides is phosphorylated pro-
teins that are processed in the cytosol, although our studies
do not address the proteases responsible. Our results extend
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those of Anderson et al. (19), whose study demonstrated
that synthetic peptides containing pSer could be trans-
ported by TAP.

Several lines of evidence suggest that the phosphopep-
tides displayed by class I MHC molecules are the products
of normal protein phosphorylation pathways in cells rather
than adventitious or artifactual phosphorylation of the pep-
tides themselves. As previously mentioned, most of the
phosphopeptide sequences determined are consistent with
known Ser-Thr kinase motifs, and these peptides originate
from the cytosol, where the majority of such kinases are
expected to operate. In addition, the relative representation
of pSer, pThr, and pTyr among these sequences is consis-
tent with the relative quantities of these phospho-amino
acids in cells (39). In particular, pTyr represents only 0.1%
of the phospho-amino acid content of the cell, and there-
fore may not make a significant contribution to the number
of the phosphopeptides on the cell surface associated with
MHC class I molecules. Finally, many of the sequences we
have identified are from known phosphoproteins, kinases,
or kinase substrates. Whereas the exact phosphorylation
sites on most of these proteins have not been previously
determined, a peptide derived from the MARCKS protein
did contain a known site (40). Importantly, the identifica-
tion of MHC-presented phosphopeptides can provide in-
sight into known phosphorylation pathways and also offers
the possibility to identify new ones.

In this study, we demonstrated that phosphopeptides
could be used to elicit CTLs, and that these cells could dis-
criminate between phosphorylated and nonphosphorylated
peptides. Similar findings have been reported by Andersen
et al. (19). Here we have also shown that the CTLs elicited
with the GLDpSYVRSL peptide failed to recognize other
peptides that carried a pSer at position 4. These CTLs
could also discriminate between different phosphorylated
amino acids even when they were presented within the
same peptide context. Thus, these CTLs are not phosphate
specific, but rather recognize this moiety in the context of a
specific peptide sequence. It should be noted that the abil-
ity to generate phosphopeptide-specific CTLs indicates that
phosphopeptides presented by MHC molecules are pro-
tected from the action of phosphatases both in vivo and in
vitro. This augers well for the use of such peptides both as
vaccines and to develop T cell reagents for use in adoptive
immunotherapy.

The identification of peptide epitopes expressed on tu-
mors has led to the development of novel vaccines for can-
cer immunotherapy (47). However, the number of identi-
fied targets is still small, and these tumor antigens are often
expressed on normal cells and on the tumors (48, 49). Be-
cause proteins from cancer cells have been shown to be dif-
ferentially phosphorylated in contrast to normal cellular
proteins due to increased deregulation of phosphorylation
(43, 50), we are isolating phosphorylated peptides found on
different carcinoma cell lines to identify tumor-specific an-
tigens. Identification of these phosphorylated epitopes will
provide a new set of tumor-specific antigens for use in im-
munotherapy.

Identification of Phosphorylated MHC Peptides



We thank Janet V. Gorman and Caroline Flournoy for their techni-
cal assistance, and Drs. Timothy Bullock, C. John Luckey, and
David Mullins, as well as Teresa Colella and Rich Pierce for their
helpful discussions and assistance.

This work was supported by US Public Health Service grants

AI20963 (to V.H. Engelhard) and AI33993 (to D.F. Hunt). A.L.
Zarling was supported by Cancer Training Grant CA09109 and is
currently a fellow of the Cancer Research Institute.

Submitted: 27 September 2000
Accepted: 2 November 2000

References

1.

10.

11.

Germain, R.N., and D.H. Margulies. 1993. The biochemis-
try and cell biology of antigen processing and presentation.
Annu. Rev. Immunol. 11:403-450.

. Cresswell, P., N. Bangia, T. Dick, and G. Diedrich. 1999.

The nature of the MHC class I peptide loading complex. Im-
munol. Rev. 172:21-28.

. Engelhard, V.H. 1994. Structure of peptides associated with

MHC class I molecules. Curr. Opin. Immunol. 6:13-23.

. Skipper, J.C., P.H. Gulden, R.C. Hendrickson, N. Harthun,

J.A. Caldwell, J. Shabanowitz, V.H. Engelhard, D.F. Hunt,
and C.L. Slingluff, Jr. 1999. Mass-spectrometric evaluation of
HLA-A*0201-associated peptides identifies dominant natu-
rally processed forms of CTL epitopes from MART-1 and
gp100. Int. J. Cancer. 82:669—677.

. Hunt, D.F., R.A. Henderson, J. Shabanowitz, K. Sakaguchi,

H. Michel, N. Sevilir, A.L. Cox, E. Appella, and V.H. En-
gelhard. 1992. Characterization of peptides bound to the class
I MHC molecule HLA-A2.1 by mass spectrometry. Science.
255:1261-1264.

. Huczko, E.L., W.M. Bodnar, D. Benjamin, K. Sakaguchi,

N.Z. Zhu, ]J. Shabanowitz, R.A. Henderson, E. Appella,
D.F. Hunt, and V.H. Engelhard. 1993. Characteristics of en-
dogenous peptides eluted from the class I MHC molecule
HLA-B7 determined by mass spectrometry and computer
modeling. J. Immunol. 151:2572-2587.

. Appella, E., E.A. Padlan, and D.F. Hunt. 1995. Analysis of

the structure of naturally processed peptides bound by class I
and class II major histocompatibility complex molecules. Ex-
per. Suppl. (Basel). 73:105-119.

. Hunt, D.F., J. Shabanowitz, H. Michel, A.L. Cox, T. Dick-

inson, D. Davis, W. Bodnar, R.A. Henderson, N. Sevilir,
V.H. Engelhard, et al. 1993. Sequence analysis of peptides
presented to the immune system by class I and class I MHC
molecules. In Methods in Protein Analysis. K. Imahori and F.
Sakiyama, editors. Plenum Press, New York. 127-133.

. Sette, A., R. DeMars, H.M. Grey, C. Oseroff, S. South-

wood, E. Appella, R.T. Kubo, and D.F. Hunt. 1993. Isola-
tion and characterization of naturally processed peptides
bound by class IT molecules and peptides presented by normal
and mutant antigen-presenting cells. Chem. Immunol. 57:152—
165.

Skipper, J.C., R.C. Hendrickson, P.H. Gulden, V. Brichard,
A. Van Pel, Y. Chen, J. Shabanowitz, T. Wolfel, C.L. Sling-
luff, Jr., T. Boon, et al. 1996. An HLA-A2-restricted tyrosi-
nase antigen on melanoma cells results from posttranslational
modification and suggests a novel pathway for processing of
membrane proteins. J. Exp. Med. 183:527-534.

Mosse, C.A., L. Meadows, C.J. Luckey, D.J. Kittleson, E.L.
Huczko, C.L. Slingluff, Jr., J. Shabanowitz, D.F. Hunt, and

1761 Zarling et al.

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

V.H. Engelhard. 1998. The class I antigen-processing path-
way for the membrane protein tyrosinase involves translation
in the endoplasmic reticulum and processing in the cytosol. J.
Exp. Med. 187:37—48.

Meadows, L., W. Wang, J.M.M. den Haan, E. Blokland, C.
Reinhardus, J.W. Drijthout, J. Shabanowitz, R. Pierce, A.IL
Agulnik, C.E. Bishop, et al. 1997. The HLA-A*0201-
restricted H-Y antigen contains a posttranslationally modified
cysteine that significantly affects T cell recognition. Immunity.
6:273-281.

Kittlesen, D.J., L.W. Thompson, P.H. Gulden, J.C. Skipper,
T.A. Colella, J. Shabanowitz, D.F. Hunt, V.H. Engelhard,
C.L. Slingluff; Jr., and J.A. Shabanowitz. 1998. Human mela-
noma patients recognize an HLA-A1l-restricted CTL epitope
from tyrosinase containing two cysteine residues: implica-
tions for tumor vaccine development. J. Immunol. 160:2099—
2106.

Pierce, R.A., E.D. Field, J.M. den Haan, J.A. Caldwell, F.M.
White, J.A. Marto, W. Wang, L.M. Frost, E. Blokland, C.
Reinhardus, et al. 1999. Cutting edge: the HLA-A*0101-
restricted HY minor histocompatibility antigen originates
from DFFRY and contains a cysteinylated cysteine residue as
identified by a novel mass spectrometric technique. J. Immu-
nol. 163:6360-6364.

. Haurum, J.S., I.B. Hoier, G. Arsequell, A. Neisig, G. Valen-

cia, J. Zeuthen, J. Neefjes, and T. Elliott. 1999. Presentation
of cytosolic glycosylated peptides by human class I major his-
tocompatibility complex molecules in vivo. J. Exp. Med. 190:
145-150.

Larson, J.K., L. Otvos, Jr., and H.C. Ertl. 1992. Posttransla-
tional side chain modification of a viral epitope results in di-
minished recognition by specific T cells. J. Virol. 66:3996—
4002.

Chen, W., J.W. Yewdell, R.L. Levine, and J.R. Bennink.
1999. Modification of cysteine residues in vitro and in vivo
affects the immunogenicity and antigenicity of major histo-
compatibility complex class I-restricted viral determinants. J.
Exp. Med. 189:1757-1764.

Hogan, K.T., D.P. Eisinger, S.B. Cupp III, K.J. Lekstrom,
D.D. Deacon, J. Shabanowitz, D.F. Hunt, V.H. Engelhard,
C.L. Slingluff; Jr., and M.M. Ross. 1998. The peptide recog-
nized by HLA-A68.2-restricted, squamous cell carcinoma of
the lung-specific cytotoxic T lymphocytes is derived from a
mutated elongation factor 2 gene. Cancer Res. 58:5144-5150.
Andersen, M.H., J.E. Bonfill, A. Neisig, G. Arsequell, I. Son-
dergaard, G. Valencia, J. Neefjes, J. Zeuthen, T. Elliott, and
J.S. Haurum. 1999. Phosphorylated peptides can be trans-
ported by TAP molecules, presented by class I MHC mole-
cules, and recognized by phosphopeptide-specific CTL. J.
Immunol. 163:3812-3818.

Slingluff, C.L., Jr., A.L. Cox, J.M. Stover, Jr., M.M. Moore,
D.F. Hunt, and V.H. Engelhard. 1994. Cytotoxic T-lym-
phocyte response to autologous human squamous cell cancer
of the lung: epitope reconstitution with peptides extracted
from HLA-Aw68. Cancer Res. 54:2731-2737.

Salter, R.D., D.N. Howell, and P. Cresswell. 1985. Genes
regulating HLA class I antigen expression in T-B lymphoblast
hybrids. Immunogenetics. 21:235-246.

Henderson, R.A., H. Michel, K. Sakaguchi, J. Shabanowitz,
E. Appella, D.F. Hunt, and V.H. Engelhard. 1992. HLA-
A2.1-associated peptides from a mutant cell line: a second
pathway of antigen presentation. Science. 255:1264—1266.
Beier, D.C., J.H. Cox, D.R. Vining, P. Cresswell, and V.H.



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Engelhard. 1994. Association of human class I MHC alleles
with the adenovirus E3/19K protein. J. Immunol. 152:3862—
3872.

Engelhard, V.H., J.R. Yannelli, G.A. Evans, S.F. Walk, and
M.J. Holterman. 1985. Construction of novel class I histo-
compatibility antigens by interspecies exon shuffling. J. Im-
munol. 134:4218-4225.

Parham, P., and F.M. Brodsky. 1981. Partial purification and
some properties of BB7.2. A cytotoxic monoclonal antibody
with specificity for HLA-A2 and a variant of HLA-A28.
Hum. Immunol. 3:277-299.

Parham, P., CJ. Barnstable, and W.F. Bodmer. 1979. Use of
a monoclonal antibody (W6/32) in structural studies of
HLA-A, B, C antigens. J. Immunol. 123:342-349.

Rebai, N., and B. Malissen. 1983. Structural and genetic
analyses of HLA class I molecules using monoclonal xenoan-
tibodies. Tissue Antigens. 22:107-117.

Martin, S.E., J. Shabanowitz, D.F. Hunt, and J.A. Marto.
2000. Sub-femtomole MS and MS/MS peptide sequence
analysis using nano-HPLC micro-ESI fourier transform ion
cyclotron resonance mass spectrometry. Anal. Chem. 72:
4266—4274.

DeGnore, J.P., and J. Qin. 1998. Fragmentation of phospho-
peptides in an ion trap mass spectrometer. J. Am. Soc. Mass
Spectrom. 9:1175-1188.

Newberg, M.H., D.H. Smith, S.B. Haertel, D.R. Vining, E.
Lacy, and V.H. Engelhard. 1996. Importance of MHC class 1
a2 and o3 domains in the recognition of self and non-self
MHC molecules. J. Immunol. 156:2473-2480.

Bullock, T.N., T.A. Colella, and V.H. Engelhard. 2000. The
density of peptides displayed by dendritic cells affects im-
mune responses to human tyrosinase and gp100 in HLA-A2
transgenic mice. J. Immunol. 164:2354-2361.

Colella, T.A., T.N.J. Bullock, L.B. Russell, D.W. Mullins,
W.W. Overwijk, CJ. Luckey, R.A. Pierce, N.P. Restifo,
and V.H. Engelhard. 2000. Self-tolerance to the murine ho-
mologue of a tyrosinase-derived melanoma antigen: implica-
tions for tumor immunotherapy. J. Exp. Med. 191:1221-
1231.

Chen, Y., J. Sidney, S. Southwood, A.L. Cox, K. Sakaguchi,
R.A. Henderson, E. Appella, D.F. Hunt, A. Sette, and V.H.
Engelhard. 1994. Naturally processed peptides longer than
nine amino acid residues bind to the class I MHC molecule
HLA-A2.1 with high affinity and in different conformations.
J. Immunol. 152:2874-2881.

Porath, J. 1992. Immobilized metal ion affinity chromatogra-
phy. Protein Expr. Purif. 3:263-281.

Watts, J.D., M. Affolter, D.L. Krebs, R.L. Wange, L.E.
Samelson, and R. Aebersold. 1994. Identification by electro-
spray ionization mass spectrometry of the sites of tyrosine
phosphorylation induced in activated Jurkat T cells on the
protein tyrosine kinase ZAP-70. J. Biol. Chem. 269:29520—

1762

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

29529.

Carr, S.A., M.J. Huddleston, and R.S. Annan. 1996. Selec-
tive detection and sequencing of phosphopeptides at the fem-
tomole level by mass spectrometry. Anal. Biochem. 239:180—
192.

Wilm, M., G. Neubauer, and M. Mann. 1996. Parent ion
scans of unseparated peptide mixtures. Anal. Chem. 68:527—
533.

Elliott, T., A. Willis, V. Cerundolo, and A. Townsend. 1995.
Processing of major histocompatibility class I-restricted anti-
gens in the endoplasmic reticulum. J. Exp. Med. 181:1481—
1491.

al-Obeidi, F.A., J.J. Wu, and K.S. Lam. 1998. Protein ty-
rosine kinases: structure, substrate specificity, and drug dis-
covery. Biopolymers. 47:197-223.

Bubb, M.R., R.H. Lenox, and A.S. Edison. 1999. Phosphor-
ylation-dependent conformational changes induce a switch in
the actin-binding function of MARCKS. J. Biol. Chem. 274:
36472-36478.

Chiari, R., F. Foury, E. De Plaen, J.F. Baurain, J. Thonnard,
and P.G. Coulie. 1999. Two antigens recognized by autolo-
gous cytolytic T lymphocytes on a melanoma result from a
single point mutation in an essential housekeeping gene.
Cancer Res. 59:5785-5792.

Cantley, L.C., K.R. Auger, C. Carpenter, B. Duckworth, A.
Graziani, R. Kapeller, and S. Soltoff. 1991. Oncogenes and
signal transduction. Cell. 64:281-302.

Hunter, T. 1991. Cooperation between oncogenes. Cell. 64:
249-270.

Engelhard, V.H. 1994. Structure of peptides associated with
class T and class I MHC molecules. Annu. Rev. Immunol. 12:
181-207.

Falk, K., and O. Rotzschke. 1993. Consensus motifs and
peptide ligands of MHC class I molecules. Semin. Immunol.
5:81-94.

Kemp, B.E., and R.B. Pearson. 1990. Protein kinase recog-
nition sequence motifs. Trends Biochem. Sci. 15:342-346.
Rosenberg, S.A., J.C. Yang, D.J. Schwartzentruber, P. Hwu,
F.M. Marincola, S.L. Topalian, N.P. Restifo, M.E. Dudley,
S.L. Schwarz, PJ. Spiess, et al. 1998. Immunologic and ther-
apeutic evaluation of a synthetic peptide vaccine for the
treatment of patients with metastatic melanoma. Nat. Med.
4:321-327.

Engelhard, V.H. 1996. Direct identification of tumor-associ-
ated peptide antigens. Springer Semin. Immunopathol. 18:171—
183.

Gilboa, E. 1999. The makings of a tumor rejection antigen.
Immunity. 11:263-270.

Milne, D.M., D.G. Campbell, F.B. Caudwell, and D.W.
Meek. 1994. Phosphorylation of the tumor suppressor pro-
tein p53 by mitogen-activated protein kinases. J. Biol. Chem.
269:9253-9260.

Identification of Phosphorylated MHC Peptides



